Abstract--Hydroxide and oxyhydroxide products of aluminum were formed at room temperature at an initial AI concentration of 2 x 10 -3 M, pH 8.2, and at varying concentrations of organic and inorganic ligands commonly found in nature. The effectiveness of the ligands in promoting the formation of noncrystalline products over crystalline AI(OH)3 polymorphs was found to be in the following order: phthalate ~ succinate < glutamate < aspartate < oxalate < silicate -~ fluoride < phosphate < salicylate malate < tannate < citrate < tartrate. The lowest ligand/A1 molar ratio at which the production oral hydroxides or oxyhydroxides was inhibited ranged from 0.02 to 15. Above critical ligand/A1 ratios, crystalline products were inhibited and ligands coprecipitated with noncrystalline products which remained unchanged for at least 5 months. Polydentate and large ligands generally were more inhibitive than those with fewer functional groups or of smaller size.
INTRODUCTION
The strength of retention of many anions by crystalline, poorly crystalline, and noncrystalline aluminum hydroxides and oxyhydroxides plays a significant role in governing the mobility of these anions in soils (Parfitt, 1978) . The influence of organic ligands on the precipitation of AI, however, has received relatively little attention. In the last two decades, studies on the influence of inorganic ligands on the hydrolytic products of AI have been carried out for chloride, sulfate, nitrate, and perchlorate (Hsu and Bates, 1964; Hsu, 1967 Hsu, , 1973 Turner and Ross, 1969; Ross and Turner, 1971; Smith and Hem, 1972) , silicate (Luciuk and Huang, 1974; Hsu, 1979; Wada et al., 1979; Wada and Wada, 1980, 1981) , and phosphate (Hsu, 1979) . Hsu (1979) found that inorganic ligands inhibited the crystallization of Al-hydroxide in the following order: phosphate > silicate > sulfate > chloride > nitrate > perchlorate. Organic ligands of low molecular weight (Kwong and Huang, 1975 , 1979a , 1979b Jackson, 1979, 1981; Violante and Violante, 1980) , and tannic (Kwong and Huang, 1981) and fulvic acids (Kodama and Schnitzer, 1980 ) also perturb the precipitation of A1 and lead to the formation of noncrystalline products and/or poorly crystalline pseudoboehmite.
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Materials similar to the pseudoboehmite formed in the laboratory have been found in bauxite deposits (Lippens and Steggerda, 1970) and in tropical soils (de Villiers, 1969) ; however, because synthetic pseudoboehmite, formed at low temperatures and pressures, is very unstable and rapidly converts into crystalline AI(OH)3 (Souza Santos et al., 1953; Bye and Robinson, 1964; Aldcroft et al., 1969; Yoldas, 1973) , many geochemists and soil chemists have claimed that boehmite in natural environments was formed by past hydrothermal reactions and not in the present soil environments (Hsu, 1977) . On the other hand, Keller (1964) reported that gibbsite and boehmite coexist in some bauxites, suggesting that they may have formed under similar conditions.
In the laboratory, pseudoboehmite can develop in the presence of sulfate (Hsu and Bates, 1964) or in a high concentration of indifferent electrolytes, such as NaC1 (Hsu, 1967; Chesworth, 1972) , indicating that in nature it may form in a saline environment. Recently, Kwong and Huang (1979a) , Jackson (1979, 1981) , Violante and Violante (1980) , and Kwong and Huang (1981) showed that organic ligands not only promote the formation of pseudoboehmite but also stabilize it.
The objective of the present study was to examine the relative effectiveness of selected organic and inorganic ligands in promoting the formation of noncrystalline precipitation products of aluminum and of pseudoboehmite over crystalline AI(OH)3 polymorphs.
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EXPERIMENTAL
Preparation of precipitation products of aluminum
Aluminum hydroxides, oxyhydroxides, or noncrystalline products were precipitated at pH 8.2 by the slow addition of 0.05 M NaOH (2 ml/min) to a solution containing A1C13 and individual organic or inorganic ligands (phthalic, succinic, oxalic, malic, salicylic, glutamic, aspartic, citric, tannic, and tartaric acids; NaCI, Na2SO,, NaF, NaHzPO4, and Na2SiO3). The reason for the adjustment of the systems to this pH was to accelerate the formation of AI(OH)3 polymorphs so as to facilitate the investigation of the influence of the perturbing ligands on the nature of the precipitation products. The A1 concentration was 2 x 10 -3 M; the ligand concentration was chosen to give ligand/A1 molar ratios (R) from 0.0025 to 1000 (Tables 1-4) . For each ligand, a range of ratios was selected according to the ability of the ligand to perturb the formation of A1 hydroxides on the basis of preliminary experiments. At specific reaction periods (15 days, 1, 2, 4, 5, and 8 months), precipitation products were collected by centrifugation at 12,000 gfor 15 min.
Analyses of precipitation products of aluminum
X-ray powder diffraction (XRD) patterns of the precipitates were obtained with a Philips X-ray diffractometer with Nifiltered CuKa radiation generated at 35 kV and 16 mA. Two milligrams of air-dried material were ground, mixed with 200 mg of spectroscopic grade KBr, and pressed into a disc. Inflared (IR) spectra were recorded on a Beckman IR 11 spectrophotometer. The precipitation products of A1 were identified by the standard methods (Jackson, 1975; Hsu, 1977; Tettenhorst and Hofmann, 1980) . Suspensions of samples were deposited on carbon-coated Formvar film on copper grids and were examined with a Philips 400 transmission electron microscope. The organic C in selected precipitates was converted to COz by combustion and determined by gas chromatography using a Hewlett-Packard C-H-N Analyzer Model 185B gas chromatograph. Table 1 lists the precipitation products of aluminum (crystalline AI(OH)3 polymorphs, pseudoboehmite, or noncrystalline materials) at the initial pH of 8.2 and at ligand/A1 molar ratios (R) between 0.005 and 3 after a reaction period of 5 months. The precipitation products formed varied greatly with the ligands and R values of the systems. The data obtained at lower or higher R values than those listed in Table 1 are discussed below.
RESULTS AND DISCUSSION
Phase examinations
The XRD patterns in Figures 1 and 2 illustrate the influence of different selected ligands on the precipitation products of aluminum. In the presence of chloride ( Figure 1A) , bayerite (4.34/~,) and pseudoboehmite (6.65 ,~) were formed at R = 50, whereas pseudoboehmite and gibbsite (4.82 A) were formed at R = 500. Chloride did not inhibit the formation of pseudoboehmite even at R = 700 or 1000 ( Figure 1A ). The crystallization of AI(OH)3 polymorphs or A1OOH was inhibited at R = 0.3 and 3.0 in the presence of phosphate ( Figure 1B ) and at R = 0.03 in the presence of tartrate ( Figure 1C ).
Oxalate ligands retarded the rate of crystallization of Al-hydroxides and oxyhydroxides more than as- Figure 4f ) were amorphous to X-rays and showed no distinct shape.
As suggested by Wada (1977) for allophane, variations and indefiniteness of both shape and size of noncrystalline materials arise from aggregation of the particles. The aggregation of particles also is influenced by the nature and amount of the perturbing ligands coprecipitated with A1 (authors' unpublished data). Particularly, the noncrystalline materials formed in the presence of tannic acid (R = 0.1) were heavy precipitates consisting of small particles, strongly aggregated to each other (Figure 3h ). At high magnifications, noncrystalline materials commonly consisted of submicroscopic spherical particles (about 100 ~ in size) linked together to form a disordered mosaic (Figure 4b and  4e) .
The IR spectra in Figure 5 illustrate the influence of increasing concentrations of a foreign ligand (tannate) on the nature of the A1 precipitation products. At the tannate/A1 molar ratio of 0.003, well-defined bands of bayerite (3440, 3470, 3560, 3660 cm -1) are easily detectable (Figure 5a) . The bands at 3120 and 3360 cm-' indicate the presence of pseudoboehmite. The bands ofbayerite were barely detectable at higher initial tannate/A1 molar ratios (e.g., 0.007, Figure 5b ) and disappeared completely at the initial tannate/A1 ratio of 0.03 (Figure 5c ), whereas the bands ofpseudoboehmite became more distinct. At the ligand/A1 molar ratio of 0.1, the bands of bayerite and pseudoboehmite completely disappeared and a broad asymmetrical band was ascertained, indicating the presence of noncrystalline materials (Figure 5d ).
Noncrystalline precipitation products of aluminum
From the data listed in Table 2 , tartrate was the most effective of the ligands studied in preventing the for- After 5 months of aging. 2 R = lowest initial ligand/A1 molar ratio at which X-rayamorphous materials were formed at pH 8.2; R values for chloride and sulfate were not determined. mation of crystalline aluminum hydroxides and oxyhydroxides and was about 2, 5, 20, 50, and 750 times more effective than tannate, salicylate (or malate), silicate (or fluoride), oxalate, and phthalate (or succinate), respectively. The lowest tartrate/A1 molar ratio at which the formation of crystalline materials was inhibited was 0.02. On the other hand, the crystallization of pseudoboehmite was promoted even at a chloride/A1 molar ratio of 1000 ( Figure 1A) . Tartrate was therefore, more than 50,000 times as effective as chloride in hampering the crystallization of the precipitation products of A1.
Dicarboxylic acids (phthalic, succinic, and oxalic acids) perturbed the precipitation reaction of aluminum less than hydroxy-di(tri)carboxylic acids (citric, tartaric, malic acid) (Tables 1 and 2 ). Cornell and Schwertmann (1979) found that organic ligands inhibited the crystallization of ferrihydrite in a similar manner. Oxalate anions inhibited the crystallization of AI(OH)3 polymorphs or pseudoboehmite at R -> 1.0, whereas phthalate and succinate were effective only at R >-15 (Table 2 ). Oxalate ligands which may complex A1 by forming stable 5-membered rings exhibited an inhibiting power at least 15 times greater than phthalate or succinate ligands which are capable of complexing A1 by forming unstable 7-membered rings (Violante and Violante, 1980) . Tartrate Al-complexes are much less stable than citrate Al-complexes (Sillen and Martell, 1964; Earl et al., 1979) ; however, tartrate had a stronger influence than citrate in retarding or inhibiting the crystallization of Al-hydroxides or oxyhydroxides (Table 2) . Earl et aL (1979) demonstrated that tartrate is more strongly adsorbed on aluminous materials or more easily coprecipitates with A1 than citrate, whereas citrate shows a much stronger influence on solubilizing A1 than tartrate. Higher concentrations of tartrate anions in the noncrystalline material initially formed or in the pseudoboehmites may have retarded the transformation by dissolution and recrystallization of these phases into AI(OH)3 polymorphs. Therefore, the influence of ligands on retarding the kinetics of the crystallization of the precipitation products of A1 was not always controlled by their chelating power for AI (see also Kwong and Huang, 1979c; Violante and Violante, 1980; Kwong and Huang, 1981) . This behavior was particularly evident for materials formed in the presence of tannate, tartrate, citrate, oxalate, fluoride, and phosphate (see below).
Polydentate and large ligands generally are more influential in inhibiting AI(OH)3 crystallization than ligands with few functional groups or of small size. This influence is evident for the precipitates formed in the presence of tannic acid (MW = 1701). Huang (1979c, 1981) demonstrated that Al-tannate complexes have a stability constant (log k~ = 3.78) much lower than Al-citrate (log ks = 7.35) and Al-malate complexes (log ks = 5.14); however, both tannate and citrate more effectively inhibited the precipitation reaction of A1 than malate (Table 2) . Furthermore, although Al-tannate complexes (log ks = 3.78) are about 10 times more stable than Al-aspartate complexes (log k~ = 2.60) (Kwong and Huang, 1979c) , tannic acid and aspartic acid inhibited the crystallization of AI(OH)3 polymorphs or pseudoboehmites at R -> 0.04 and 2.5, respectively (Table 2) . Thus, tannic acid was approximately 60 times more effective than aspartic acid in perturbing the crystallization of precipitation products of aluminum. Large molecules with many functional groups distort the structural organization of the precipitation products of A1 (Kwong and Huang, 1981) and promote their aggregation (authors' unpublished data). Hsu (1977) considered phosphate and fluoride anions to have strong and very strong affinity for A1, respectively. Huang and Jackson (1966) showed that fluoride may break the AI-OH-A1 linkages and the OH at the edge of AI(OH)3, thus destroying the aluminum hydroxide structure. Aluminous precipitates formed in the presence of phosphate at R -> 0.15, however, were amorphous to X-rays even after a reaction period of 4-5 months (Table 2; Figure 1B) , whereas in the presence of fluoride crystallization was inhibited only at R -> 0.4 (Table 2; Figure 2d ; for 13% or more substitution of F for OH). The stronger influence of phosphate than fluoride on retarding the crystallization of precipitation products of A1 was due mainly to the larger size of the phosphate anion. Consequently, phosphate was sterically more effective than fluoride in distorting the structural organization of the precipitation products.
Formation of pseudoboehmite
The formation of pseudoboehmite over crystalline AI(OH)a was promoted by the presence of certain organic and inorganic ligands. For example, pseudoboehmite was formed at R = 0.005-0.015 for tartrate After 5 months of aging. 2 The range of the initial ligand/A1 molar ratios at which stable pseudoboehmite was formed at pH 8.2 and other crystalline phases were not observed; n.d. = not determined. (Table 3 ; Figure 1C ), 0.05-0.10 for phosphate (Table  3 ; Figure 1B ), 0.1-2 for aspartate (Table 3 ; Figure 2a ), and 600-1000 for chloride (Table 3; Figure 1A ). At the initial pH of 8.2, an optimal range of R values existed for each ligand for the formation of the pseudoboehmite. The promoting effects of organic ligands on the formation of pseudoboehmite was apparently similar to the influence of organic and inorganic ligands on the stability of lepidocrocite (Schwertmann, 1979) which is isostructural with boehmite.
Inorganic and organic ligands are arranged in Table  3 in accordance with their effectiveness in promoting the formation of stable pseudoboehmite. This sequence is similar to that for the formation of noncrystalline materials (Table 2) , with the following exceptions: (1) silicate was more effective than aspartate in promoting the formation of noncrystalline materials, but the latter was more effective in promoting the formation ofpseudoboehmite; (2) the formation ofpseudoboehmite was not noted in the presence of fluoride; and (3) pure pseudoboehmite did not crystallize in oxalate systems.
The formation of pseudoboehmite from an initially noncrystalline material produced in the presence of citrate in a few days (or even hours) after the sample preparation is illustrated in Figure 6 . For a given ligand, the higher the initial R value, the slower was the rate of the transformation from the noncrystalline material into pseudoboehmite (data not shown). During this transformation, the peak position of the 020 reflection of pseudoboehmite was shifted from lower to higher 20 values with increasing sharpness of the peak probably owing to an increase in crystallinity (Tettenhorst and Hofmann, 1980. Bye and Robinson (1964) , Aldcroft et aL (1969), and Yoldas (1973) 2e CuK(x Radiation Figure 6 . X-ray powder diffractograms of A1 precipitation products formed in the presence of citrate (citrate/A1 molar ratio 0.01) after 1, 3, 12, and 60 days of aging, showing a transformation of an initially formed noncrystalline material into stable pseudoboehmite.
tially cause a structural disorder, but then promote aggregation of particles which become less soluble (Aldcroft et al., 1969) . As the reaction proceeds, the partial and gradual removal of these ligands from the noncrystalline materials with consequent reorganization of this phase leads to the formation of pseudoboehmite (Yoldas, 1973) . When the bond between Al and the perturbing organic ligands of the complex was ruptured by polymerization of hydroxy A1 ions, the liberated organic ligands seemed to facilitate deprotonation of A1--OH ~ groups, promoting the formation of A1-O-Al linkages. The liberated ligands, particularly those with strong affinity for A1, may have been readsorbed and then released again, thereby perpetuating the formation of After 8 months of aging. 2 R = initial ligand/A1 molar ratio. 3 Determined by X-ray powder diffraction; ( ) indicates small amounts.
A1-O-A1 linkages. This process was probably related to the concentration ofligands and their affinity toward AI. Therefore, the promotion of the formation ofpseudoboehmite by relatively weak ligands was only possible at sufficiently high ligand/A1 ratios. The perturbing !igands present in the precipitates (Table 4) evidently disturbed the crystallization of AIOOH. These poorly ordered Al-oxyhydroxides may have been either finesize boehmite (Tettenhorst and Hofmann, 1980) or poorly crystalline boehmite.
At ligand/A1 molar ratios lower than the critical values (Table 3) , pseudoboehmite commonly formed in the early stages of the reaction period, but with time, its XRD peaks decreased in intensity (or disappeared) and AI(OH)3 polymorphs were formed as illustrated by the phase transformation of a sample prepared in the presence ofphthalate (Figure 7a-7d) . Clearly, under these conditions pseudoboehmite was not sufficiently stable and slowly dissolved. At the phthalate/A1 ratio of 7, however, pseudoboehmite remained unchanged at the end of the reaction period (Figure 7e ).
The present findings provide an interpretation for the presence of pseudoboehmite in bauxite deposits (Lippens and Steggerda, 1970) and in noncrystalline boehmite-like alumina in tropical soils (de Villiers, 1969) , because the organic and inorganic ligands studied are common in soils and the associated environments (Huang, 1985) . Furthermore, the coexistence of gibbsite and pseudoboehmite in the systems (Table 1) studied supports Keller's (1964) suggestion that gibbsite and boehmite may have formed under similar conditions. Perturbing ligands in precipitation products of aluminum Table 4 shows the content (mmole/kg sample) of organic ligands in the aluminous precipitation products. It is evident that, by increasing the initial R, the amount of perturbing ligands in the precipitate increased and the final mineralogical composition changed. The IR spectra corroborate this observation. By increasing the initial tannate/A1 molar ratio 40 times (from R = 0.0025 to R = 0.1), however, the amount of the organic ligand in the precipitates increased less than 10 times (from 37 to 353'mmole/kg sample). Because of the large size and complexing power of tannic acid, the presence of 227 mmole/kg of tannate inhibited the formation of crystals, whereas the presence of 400 to 468 mmole/kg of aspartate (R = 0.2 or 1), 355 to 593 mmole/kg of phthalate (R = 3 or 7), or 328 mmole/kg salicylate (R = 0.03) led to the formation of pseudoboehmite and/or gibbsite. The precipitation products of A1 containing 1600 mmole/kg of oxalate (R = 1.0), 880 mmole/kg ofphthalate (R = 16), and 780 mmole/kg of salicylate (R = 0.2) were noncrystalline. Phthalate has a much lower affinity for A1 than oxalate (Violante and Violante, 1980) , so that a higher R was necessary in the presence of phthalate to promote the formation of noncrystalline materials (Table 2).
In summary, the organic and inorganic ligands studied, which are commonly present in nature, varied significantly in their ability to perturb the crystallization of the precipitation products of A1 even under mild alkaline conditions. Higher ligand/A1 molar ratio led to the inhibition of the crystallization of aluminum hydroxide polymorphs and the formation of pseudoboehmite and/or X-ray-amorphous materials. The nature of the precipitation products of A1 in terrestrial and aquatic environments may thus be substantially influenced by the kinds of perturbing ligands and the ligand/Al ratios prevailing in the environments.
